ABSTRACT The wave glider is a new concept marine robot that can make use of wave energy to obtain thrust. Differ from the traditional unmanned vehicle, the wave glider consists of the floating body, the connecting tether, and the submerge glider. It can be regarded as a special catamaran structure. Therefore, the conventional kinetic models of the unmanned vehicle are inapplicable to the wave glider. In this paper, we propose a non-linear kinetic model of wave glider of six degrees of freedom based on three reference coordinate frames. The calculating formula between the vertical liquid velocity and the system advance speed is derived by using the kinetic model. A method to design a glider wing structure under fixed wave speed in vertical direction was also presented. On the basis of the static stress analysis of the Glider wings, we compare different factors influencing the advance speed and optimize them by comparing the simulation results with the calculation results.
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NOMENCLATURE OF ALL STATE VARIABLES

Name
Description G 0 Weight of the system G Heave velocity of system, floater and glider (along z-axis) p 0,F,G Roll rate of system, floater and glider (around the x-axis). q 0,F,G Pitch rate of system, floater and glider (around the y-axis). r 0,F,G Yaw rate of system, floater and glider (around the z-axis).
E xyz
Earth-fixed coordinate system F xyz Body-fixed coordinate system of the floater Damping force in y-axis direction on the center of gravity of the system caused by the advance and retreat movement of Glider wings Y
G v
Damping force in y-axis direction on the center of gravity of the system caused by the traverse movement of Glider wings
I. INTRODUCTION
Since 1993, the ASC (Autonomous Surface Craft) was developed. At the same time, the ARTEMIS was designed as a precision survey platform at the MIT Sea Grant College Program [1] . One of the main disadvantages of ARTEMIS is its small size, which limits its applications and durability. In 1997, ARTEMIS was upgraded to ASC ACES (Autonomous Coastal Exploration System) [2] , a new waterborne robot which was more durable, stable and easy to deploy. The new waterborne robot had completed field tests off Gloucester, MA during the summer of 1997. Between September 1998 and June 2000, the mechanical systems of the ASC were heavily modified. During the extensive field-testing of ACES several potential improvements in the basic platform design were identified as desirable [2] .
After that, the technology of waterborne unmanned robot developed rapidly. With the requirement of long-time and wide-range ocean data, the endurance of waterborne unmanned robot became the research emphasis. People are looking forward to innovating new driving system of the waterborne unmanned robot. In 2005, Roger Hine designed a new marine observation system-the prototype of wave glider, which requires no expensive deep sea mooring but has a strong durability [3] - [6] . In past several years, wave glider has proven its durability and stability in ocean tests and practical applications [7] - [9] .
Simultaneous Interaction between Catamaran structures of Wave Glider is similar to operating modes between ROV (Remotely Operated Vehicle) and a ship. A kinetic equation of several degrees of freedom with moving reference coordinate frames is necessary for motion simulation and estimation. In the literature [11] , Caiti et al. introduced a control-oriented Lagrangian modeling approach for Wave Glider within different reference coordinate frames, including classic Denavit-Hartenberg (DH) convention [26] and North-East-Down (NED) coordinates [21] . However, the literature [11] , [12] didn't introduce much detail about the static stress analysis of the Glider wings and therefore hydrodynamic optimization of the wing structure of Wave Glider is poor improved in [11] and [12] . The load-carrying capability of Wave Glider and details about the stress situations of underwater glider wings would also not be introduced in [10] . The kinetic equation of four degrees of freedom also fails to accurately describe the movement of the glider. The relationship between the vertical flow velocity and the speed of the glider has not yet been formulized in the literature [10] - [12] .
Based on the special structural characteristics of the glider, this paper describes a non-linear kinetic model of six degrees of freedom (6-DOF) in three reference coordinate frames, including two body-fixed coordinates for catamaran structures estimation, and an Earth-fixed coordinate for observation. In order to simplify the complexity of the coordinate transformation, this model integrates special terms in hydrodynamics with speed of gravity center in advance, retreat and traversing, rates of heeling angle, and advance of hull. In the paper, the static stress situation of the glider wings is analyzed and, the formula between the vertical flow velocity and the speed of the glider is derived. 
II. DYNAMIC MODELING OF WAVE GLIDER
The wave glider is composed of a submerge glider and a floating body connected by a tether. The wave glider is propelled by converting vertical wave motions into forward thrust using the parallel wings array [13] - [15] . The vertical motion of the wave acts on the parallel wings of the wave glider and then is converted into forward thrust. The overall system is a mechanical-propelled structure, which will not require any external power and consequently is secure and energy saving [16] , [17] . The movement mechanism with three operating modes is shown in Fig. 1 (a) , (b) and (c). The underwater glider will convert the wave motion into the thrust when the floater moves up and down with the waves. When the floating body encounters the wave crest, the floating body pulls the submerge glider to tighten the tether, as shown in Fig. 1 (b) . The parallel wings array rotate downward under the action of water flow from the vertical direction. The water flows downward and acts on the upper surface of the wings array. The horizontal component drag force pushes the glider going forward. When the rotation angle gets to the maximum value, the torsional force will rotate the torsional spring to restore to its original condition. When the floating body encounters the wave valley, the wings of the underwater glider sink due to the gravity, as shown in the Fig. 1 (a) . The parallel wings in the submerge glider rotate upward under the action of water flow from the vertical direction. The water flows upward and acts on the lower surface of the wings. When the rotation angle gets to the maximum, the torsional force will rotate the torsional spring to restore to its original condition. The horizontal component force pushes the glider going forward. The overall system moves without any external power [18] , [19] .
A. ESTABLISHMENT OF COORDINATE SYSTEM
This wave glider consists of two rigid parts: the surface floater and the underwater glider, which are connected by a tether. To describe the movement of the wave glider, we establish three reference frames ( Fig. 2) : two body-fixed and one Earth-fixed coordinate system. They are defined as follows:
(1) Earth-fixed coordinate system (inertial coordinate system), which is represented by Ex-Ey-Ez; (2) Floater-fixed coordinate system: Body-centered coordinate system of the floater, the origin is set at the center of gravity of the floater, which is represented by Fx-Fy-Fz; (3) System-fixed coordinate system: Body-centered coordinate system of the whole system, the origin is set at the center of gravity of the wave glider, which is represented by Ox-Oy-Oz.
The position and angle states of the wave glider are represented by Euler angles using the SNAME notation [23] . η 1 = x 0,F , y 0,F , z 0,F T denotes the position vector of the system and the floater in the earth-fixed coordinate system(the superscript represents the corresponding part). η 2 = 0,F , θ 0,F , ψ 0,F T denotes the orientation vector of the system and the floater in the Earth-fixed coordinate system (the superscript represents the corresponding part). V 1 = u 0,F , v 0,F , ω 0,F T denotes the linear speed of the system and the floater in the body-fixed coordinate system (the superscript represents the corresponding part).V 2 = p 0,F , q 0,F , r 0,F T denotes the attitude angular speed of the system and the floater in the body-fixed coordinate system (the superscript represents the corresponding part). External force of the whole system is expressed as
T , external torque of the system is expressed as
T .
B. TRANSFORMATION OF COORDINATES
In order to obtain the equations of motion in the wave glider system, coordinate transformation between the vectors was executed or carried out. To simplify the coordinate transformations, sin () and cos () are abbreviated as s () and c (), tan () is abbreviated as t (), the super script represents the corresponding moving coordinate system. The linear speed conversion matrix is as follows [20] , [21] (1), as shown at the top of the next page:
The angular speed conversion matrix is as follows (excluding the situation when θ=90 • ):
VOLUME 6, 2018
The relationship between the linear speed in the inertial coordinate system and the linear speed in the moving coordinate system isη 1 = J 1 (η 2 )V 1 ; the relationship between the angular speed in the inertial coordinate system and the angular speed in the moving coordinate system isη 2 = J 2 (η 2 )V 2 , the overall relationship is as follows:
Namelyη = J (η) V Assumptions in this model: the entire tether is assumed to be stretched straight (this assumption is invalid in extreme weather), the weight of the tether is negligible; the floater has always been floating on the sea surface, and the glider is assumed to always pull the floater so the tether is always in tension. The displacement of the whole glider in Z-axis direction is very small, accordingly disregarded in this study. The center of gravity of the entire wave glider is on the cable, the movement at the center of gravity is approximately the same with that of the fins of the glider. Each coordinate system origin is located at the C.G. of its corresponding body. In particular, the yaw of the wave glider system is equal to the yaw of the glider [22] Each of the two body-fixed coordinate systems established in this paper has 6 state variables, so there are a total of 12 state variables, among which are not all considered. They respectively are surge speed of the wave glider system u 0 , sway speed of the wave glider system v 0 , yaw speed of the wave glider system r 0 , surge speed of the floater u F , sway speed of the floater v F , yaw speed of the floater r F , namely η = x 0 , y 0 , ψ 0 , x F , y F , ψ F T (yaw angle of the wave glider system ψ 0 is assumed to be approximately the same with the yaw angle of the blades
Hence, the rates in pitch, roll and heave of the floater and the system are not considered in this model.
C. KINETIC MODELING OF WAVE GLIDER
In order to describe the dynamic characteristics of the entire wave glider system, we use T. I. fossen's nonlinear model [21] . The 6-DOF set of non-linear equations of motion for the wave glider can be expressed as follows:
In the model above, The M A is estimated using the strip theory [6] . For added mass of glider wings, the interactions between the wings and the impact from the floater are not considered. Due to the computational complexity of their values, the offdiagonal cross terms of the inertia matrix are not considered. The floater structure is approximately symmetric on X-axis and Y-axis, and the off-diagonal terms of the inertia matrix are approximated to zero. Inertia matrix M is simplified as follows (5), as shown at the top of the next page:
The above formula,m 0 , m G and m F represent the mass of overall wave glider system, the mass of glide wings and the mass of the floater respectively; we have m 0 = m G + m F . The I 0 zz and I F zz represent the yaw moments of inertia of the entire system and the floater around Z-axis respec-
r andY Ḟ r represent additional mass forces from different directions of the glider and the floater wings respectively;
r represent the added moments of inertia of the system and the floater around Z-axis. According to the strip theory, the calculation of the added mass force and added moment inertia is derived based on the empirical formula [23] as in (6) to approximate the surface of the floater to a cylinder.
Where α is the empirical coefficient calculated through the length-diameter ratio, ρ is the fluid density, L represents the length in X direction, d is radius of the approximate cylinder. Because of the special structure of the underwater Glider wings, the formula cannot be directly used, the added mass coefficient of a single wing shall be calculated first, the added mass coefficient of the entire glider is derived through the addition of every X Ġ u . The remaining parameters are calculated as follows:
Where R(x) is the function of radius and position x, when the floater is approximated as a cylinder.
The maximum design forward speed of the entire system is 1.5 knot (0.77m/s), the total mass is 75 kg (calculated based on the prototype) in north latitude 30 • as the experimental 
estimation conditions, the calculated maximum Coriolis force is 0.01 N, therefore, in C RB (V), the influence of Coriolis force on the entire system can be ignored. C RB (V) is simplified to (10) and (11), as shown at the top of this page: Damping matrix is nonlinear with linear speed and angular speed, which can be expressed as follows:
In the above formula,
Where ρ represents the liquid density, A uf andA vf represent the effective cross-sectional areas in the speed direction in surge and sway respectively, c d represents the damping coefficient in surge, which is derived according to the empirical formula as [23] :
The vector of restoring force and moments g(η) are derived from transforming the weight and buoyancy force to the body-fixed coordinate system. Assume that the entire wave glider system and the floater keep neutral buoyancy, i.e., the gravity equal to the buoyancy of entire systems, . The weight and buoyancy force vectors in the body-fixed coordinate system are as follows:
The restoring force and moment vector in the body-fixed coordinate system is as follows:
The part above the sea level is smaller compare to the total system. Disturbance forces like wind forces and wave forces are neglected in this paper. Thus, the inputs include the thrust generated by the glider wings at the bottom and the force due to the rudder angle δ. The control input vector τ can be expressed as follows:
The calculation method of the coefficients in the above formula will be described in section 3.
The full 6-DOF set of nonlinear model is obtained by substituting (5), (10)- (12) and (16)- (17) into equation (4), as (18) , as shown at the bottom of the next page:
III. STRUCTURE EVALUATION OF WAVE GLIDER
A wave glider structure was designed for the boat with the size of 230 cm * 80 cm * 20 cm. The requirements for the designed glider structure are shown in Table 1 . 
1) SIMPLIFIED EQUATIONS OF MOTION
The kinetic model of the wave glider is shown as equation (18) in Section 2. The horizontal drag force and the rudder angle are the only inputs of the model. When estimating the advance speed of the glider, we assume that the entire system moves in a line with rudder angle θ =0 • , which means there is no deflection rudder angle for the rudder and the direction of the whole system will not be affected. The vertical displacement shall not be considered. The formula at X-axis is as follows:
Formula (19) can be simplified to:
X Ġ u , X Ḟ u are added mass coefficient calculated by empirical formula:
where B is the width of the boat, L is the length of the boat, d is the mean draught, C b is the block coefficient of the boat, X G T is the total horizontal thrust. There are eight wings for the Glider. The interaction between the surface floater and the Glider wings below is neglected. The total horizontal force of the Glider is X G T = 8L; horizontal drag force of a single blade is calculated by the mean value of the simulated results and the calculated results of different angles in this section.
Where t is estimated 5 seconds and u 0 t =0.2559 m/s, u 0 0 =0 m/s. Total mass m 0 includes the weight of the floater, the glider wings, the dry box and the tether. The floater material is polypropylene with the density of 0.91 g/cm 3 , the weight of the sensor of 5 kg, and the total mass of 80.3 kg. The other parameters are shown in Table 2 . 
2) DESIGNING OF GLIDER BLADE STRUCTURE
In order to design the required glider wing area, we analyses the static situation of a single glider wing. The glider wings The performance of hydrofoil in water is analogous to that of airplane wing, and the principal distinction between these is the density of the fluid medium. Hydrofoil also experiences a drag force D. In a reference body-fixed with the hydrofoil, the drag component is in the same direction as the free stream, as shown in Fig. 3 . The load-carrying capability of underwater glider's wings is derived using the equivalent lift force equation. Assume that the vertical wave-induced flow is in a constant speed and fixed angle of attack in an unbounded fluid, and that the ambient pressure is sufficiently high to preclude cavitation, similar with the force situation in the air, the force situation of the wings under water is simplified to horizontal force L and vertical force D [25] , [26] , as shown in Fig. 3 . When the wing is rising (descending), the stress analysis are shown in the left (right), as show in Fig 4. The horizontal component force is calculated as:
The angle of attack δ e is generally defined foil deformation with respect to the ''nose-tail line'', i.e., the center of the minimum radius of curvature of the leading edge and the sharp trailing edge. The total force F is divided into horizontal component F x and vertical componentF y , which are defined respectively to be perpendicular and parallel to the X-axis. Following [24] and [25] , L and D are calculated as:
Lifting force:
Drag force:
Substitute eq. (24) and (25) into (23), F x and F y are calculated as:
Where ρ represents the liquid density, c L and c D respectively represent the lift coefficient and the drag coefficient respectively, δ e represents the angle of attack. The adopted NACA 63-412 foil section empirical curve for lift and drag coefficient estimation is shown in Fig. 5 and the blade nosetail line with the specific parameter values shown in Table 2 .
Consequently the derived formulas are as follows:
v fluid = 1m/s, consequently S 0 =0.21m 2 In this example, Reynolds number Re = ρvL/µ, ρ is the liquid density, v is the flow speed, and L is the fin length. When the flow goes vertically downward to the wings, the locking mechanism locks the wings after reaching the limiting constrained angle. After that the wings will be rotated back to the original position by the torsional spring. The lift forces of the wings were calculated with angles of attack deflected at 5 Table 3 . Horizontal drag force at V = 1 m/s obtained from calculation and simulation, as shown in table 4.
When V = 1 m/s, the parabolic method was adopted to fit curve for degree, as show in Fig. 7 . By replacing the actual curve in the sector with parabola approximately, the fitting precision is highly improved compared with the linear interpolation. The fitted equation for simulation curve is as When V = 1 m/s, the parabolic method was adopted to fit curve for degree, as show in Fig 9. By replacing the actual curve in the sector with parabola approximately, the fitting precision is highly improved compared with the linear interpolation. The empirical expression for simulation curve is as VOLUME 6, 2018 The calculation value is as follows:
Where Fc reaching the minimum value at δ = 44.15 • . The main function of the wing is to convert the wave energy to tow the whole system. But on the other hand the wing should not pull the boat too deep to affect the solar panel system. The horizontal drag force increases as the wing angle increases from 0 • to 45 • . After that the horizontal drag force decreases and the vertical lift force increases. We choose 45 • as maximum angle taking the simulation curve equation and calculation curve equation into consideration. When the wing angle is reaching 45 • , the locking device will stop the rotate axis.
4) DIMENSION ANALYSIS OF HYDROFOIL BLADE
Glider wings array are arranged in parallel. There is a space between two wings, which will affect the flow field around. To compare the horizontal drag force with different number of wings at the same effective cross-sectional area, fins of 8-wing structure, 6-wing structure, and 4-wing structure were adopted to simulate respectively. The total force is shown in Fig.11 . The other parameters of the blades are shown in Table 6 . The simulation values and the theoretical calculated values are shown in Fig. 11 . Fig. 11 (a) shows the horizontal drag force at the same effective cross-sectional area S fin with different hydrofoil widths at 20 cm, 30 cm, and 40 cm respectively. The same effective cross-sectional area S fin is 160 cm ×100 cm. Fig. 11 (b) is the ratio of the simulated horizontal drag force to the calculated value. The Fig. 10 shows that when the effective area is the same, the ratio of the simulation values to the calculated values is smaller and smaller as the hydrofoil width increases. When the width is 20 cm, the loss caused by the gap is the smallest, and the error between the simulated values and the calculated values is the minimum. Hence, 20 cm was adopted as the width of the wing.
IV. CONCLUTION REMARKS AND FUTURE WORK
In this paper we present a nonlinear 6-DOF kinetic model of the wave glider with a two-body structure. Kinetic model of other waterborne unmanned vehicle with monomer structure cannot accurately describe the motion parameters of the wave glider. The movement in waves of the glider with catamaran structure can be more accurately described by establishing a kinetic model with a two-body structure, which improves the shortcomings of the existing models.
In this paper, some influence factors on the horizontal drag force were estimated by comparing simulation and calculation results. An equation of vertical flow speed and advance speed are derived by simplifying the kinetic model. Through the static analysis of glider wing, the deduced optimized wing area is determined and constrained by the simplified equations of motion to meet the speed requirement. By fitting the curve between degree and force, different rotation angles are compared to optimize the wing structure.
Some parameters have been simplified during the modeling process. The model is only suitable for those bodies with symmetric structure in vertical plane. The model needs to be modified if the structure of the wave glider changes. As the model does not consider the wave and the wind or other environment disturbances, it cannot accurately describe the movement in a more complex environment. The future work includes a sea test of the wave glider to optimize the structure to improve its stability. The lift and drag coefficients in field experiments will be carried out to compare with calculation and simulation results, as well as the interaction between the floater and the glider by measuring the azimuth angle. Sophisticated real-time motion simulation of wave glider in different sea state will be studied for best performance and applications.
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